At the kilo-to mega-base pair scales, eukaryotic genomes are partitioned into 27 self-interacting modules or topologically associated domains (TADs) that associate to 28 form nuclear compartments. Here, we combined high-content super-resolution 29 microscopies with state-of-the-art DNA labeling methods to reveal the variability in 30 the multiscale organization of the Drosophila genome. We found that association 31 frequencies within TADs and between TAD borders are below ~10%, independently 32 of TAD size, epigenetic state, or cell type. Critically, despite this large heterogeneity, 33 we were able to visualize nanometer-sized epigenetic domains at the single-cell 34 level. In addition, absolute contact frequencies within and between TADs were to a 35 large extent defined by genomic distance, higher-order chromosome architecture, 36 and epigenetic identity. We propose that TADs and compartments are organized by 37 multiple, small frequency, yet specific interactions that are regulated by epigenetics 38 and transcriptional state. 39 40 41 42 43
Introduction
Next, we sought to determine if this modulation in contact probabilities resulted 154 from cell-type specific changes in the local folding properties of the chromatin fiber. 155 To this end, we measured the end-to-end distance ( 3 ) for active or than for repressed domains, consistent with previous measurements in Kc 167 cells 26 . 160 Theoretical studies of polymer physics suggest that the exponent of polymers with 161 random coil behaviour is ½, while that of an equilibrium globule is ⅓ (Mirny 2011). 162 Thus, our power-law exponents situate between these two extremes, suggesting an To quantitatively dissect stochasticity at larger genomic scales, we labeled 69 172 quasi-equidistant TAD borders encompassing 90% of chromosome 3R ( Fig. 3a and 173 Supplementary Fig. 3a-b ). Tens of foci were resolved in embryonic and S2 cells by 9 3D-SIM (Fig. 3a) . The paired probability distance distribution p(r) between any two 175 foci exhibited moderate single-cell variations ( Fig. 3b ) but were considerably different 176 between cell types ( Fig. 3b and Supplementary Fig.3c ). The chromosome elongation 177 and mean volume, obtained from the maximum pairwise distance (D max ) and the 178 radius of gyration (R g , Fig. 3c ), decreased to almost half when comparing S2 and 179 late embryonic cells, while early embryonic cells adopted intermediate values ( Fig.   180 3b).
181
From the number of labeled barriers (69) and the pairing frequency of 182 homologous chromosomes ( Supplementary Fig. 1c ), we can estimate a maximum of 183 90-100 resolvable foci/cell in the absence of any long-range interactions 184 ( Supplementary Fig. 3 ). Our imaging results show an average of 89 ± 28 foci/cell for 185 S2 cells (Fig. 3b ), confirming our predictions and consistent with a very low frequency 186 of long-range interactions for this cell type (see discussion in Supplementary Fig. 3 ).
187 Surprisingly, in early and late embryos the number of observed foci was considerably 188 reduced (51 ± 20 for early and 36 ± 13, respectively, and Fig. 3b ), revealing higher 189 probabilities of long-range interactions for these cell-types. The lower number of foci 190 detected was not associated with the smaller volume of embryonic cell nuclei causing 191 the probes to be closer than the resolution limit of 3D-SIM microscopy 192 ( Supplementary Fig. 3e ). Furthermore, for each cell type, the number of foci and Supplementary Fig. 4a ). Repressed and active chromatin marks were strictly 214 segregated at the nanoscale for all cell types, as revealed by coordinate-based co-215 localization analysis (aCBC 32 , Fig. 4b ). These findings were confirmed by 216 independent colocalization methods and by additional controls using doubly-labeled 217 nuclear factor and non-colocalizing epigenetic marks ( Supplementary Figs. 4b-d ).
218
Interestingly, active marks were often observed at borders of/or demarcating large 219 repressed compartments, mirroring their alternating one-dimensional genomic 220 distributions ( Fig. 4c ).
221
To investigate if active and repressed compartments also varied among cell 222 types and development, we resorted to one-color dSTORM using Alexa 647 as the with compartment contact density from Hi-C counts ( Supplementary Fig. 6b ).
235
To study whether the nanoscale organization of repressive and active marks Supplementary Fig. 6c ). We reasoned that large compartments are 241 likely to arise from clustering of smaller epigenetic domains ('clustered 242 compartments').
243
To quantify this phenomenon, we calculated the percentage of compartments 244 not accounted for by the distribution of epigenetic domains. This percentage of 245 clustered compartments was below <10% for embryonic cells and almost absent in 246 S2 cells (Fig. 4h ). The latter is consistent with higher Hi-C contact frequency between 247
H3K27me3 domains in embryos that in S2 cells ( Fig. 4i ). Repressive and active In this work, we showed that genome organization in Drosophila is not driven 261 by stable or long-lived interactions but rather relies on the formation of transient, low-262 frequency contacts whose frequencies are modulated at different levels. Stochasticity 263 is modulated locally at the TAD level by specific intra-TAD interactions, and globally 264 at the nuclear level by interactions of TADs of the same epigenetic type.
265
Furthermore, stochasticity is also regulated between cell-types. These modulated 266 stochasticities reveal a novel mechanism for the spatial organization of genomes.
267
These pieces of evidence could be critical for a more accurate understanding of how 268 different cell types interpret genomic and epigenomic states to produce different 269 phenotypes. Dynamic measurements of chromosome organization with high 270 coverage will be needed in future to further explore the origin of heterogeneity in 271 chromosome architecture and to determine whether genome organization is a 272 stationary or a fully stochastic process. To prepare sample slides containing fixed S2 cells for FISH, S2 cells were allowed to 364 adhere to a poly-l-lysine coverslip for 1h in a covered 35-mm cell culture dish at 25C.
Slides were then washed in PBS, fixed 4% paraformaldehyde (PFA) for 10 min, In-situ Hi-C data processing and normalization 517 Hi-C data was processed using an in-house pipeline based on TADbit 61 . First, quality 518 of the reads was checked using the quality_plot() function in TADbit, which is similar 519 to the tests performed by the FastQC program with adaptations for Hi-C datasets.
520
Next, the reads are mapped following a fragment-based strategy as implemented in 521 TADbit where each side of the sequenced read was mapped in full length to the 522 reference genome (dm3). After this step, if a read was not uniquely mapped, we 523 assumed the read was chimeric due to ligation of several DNA fragments. We next 524 searched for ligation sites, discarding those reads in which no ligation site was found.
525
Remaining reads were split as often as ligation sites were found. Individual split read 526 fragments were then mapped independently. Next, we used the TADbit filtering 
535
The resulting late-embryo and S2 Hi-C interaction maps (at 10kb resolution) of the 536 different replicates for each experiment were highly correlated (correlation coefficient 537 from genomic distances ranging from 10Kb to 20Mb were 0.99 to 0.75 and 0.95 to 538 0.45, respectively) and thus were further merged into the final datasets with more 539 than 282 and 210 million valid pairs each ( Supplementary Table 6 ). Supplementary Fig. 1e ). N = 161 and 556 for TB2-TB2 and TB2-TB3 746 respectively, from more than three biological replicates. 
